The minimization of roundoff noise subject to 12-norm dynamic-range scaling constraints in two-dimensional (2-0) state-space digital filters i s considered by using joint error feedback and coordinate transformation optimization. An iterative approach for minimizing the roundoff noise under 12-norm dynamic-mnge scaling constraints is developed by jointly optimizing a scalar error-feedback matrix and a coordinate transformation matrix. A numerical example i s presented to illustrate the utility of the proposed technique.
I. INTRODUCTION
When a given transfer function is realized through hardware implementation using fixed-point arithmetic, the internal noise caused by finite-word-length (FWL) registers may he the most serious concern t o be dealt with. One of the primary FWL register effects in fixed-point digital filters is the roundoff noise caused by the rounding of productsJsummations within the realization. The synthesis of state-space digital filter structures with minimum ronnfoff noise under 12-norm dynamic-range scaling constraints has been investigated in two-dimensional (2-D) statespace digital filters [l] , [Z] . Another technique for the reduction of roundoff noise at the filter output is to use error feedback. Some techniques for error feedback have been presented in the past for 2-D digital filters [3]- [7] .
In this paper, an iterative noise reduction technique for 2-D state-space digital filters is developed by jointly optimizing a scalar error feedback matrix and a coordinate transformation matrix. A numerical example is presented to illustrate the algorithm proposed and to demonstrate its performance.
Throughout the paper, the ith diagonal element of a square matrix A is denoted by (A)ii.
2-D STATE-SPACE DIGITAL FILTERS WITH ERROR FEEDBACK
Consider the Roesser local state-space (LSS) model (Al b, c, d),m,n which i s stable, separately locally controllable and separately locally observable: Carrying out the quantization before matrix-vector multiplication, an FWL implementation of (1) can be expressed as 
coincides with the residue left in the lower part of
( i > j ) .
The roundoff error e ( i , j ) is modeled as a zeromean noise process of covariance uzIm+,, with
To reduce the filter's roundoff noise, the quantization error e ( i , j ) is fed hack to each input of delay operators
the FWL filter (2). The 2-D filter with error feedback can be characterized by
where D is referred to as an error-feedback matrix. Subtracting (4) from (1) yields
where
Let GD(zi,z2) be the 2-D transfer function from the quantization error, e(i, j ) , to the filter output, Ay(Z,j).
Then, we obtain
where Z = zlZm @ z21,. The noise variance gain I ( D ) = u~,,,/uz is then defined by
where u t , denotes noise variance at the output, and 
JOINT OPTIMIZATION OF ERROR FEEDBACK AND COORDINATE TRANSFORMATION
An equivalent description of (1): (n,6,
The purpose of this section is to investigate the joint 
2) Compute scalars a(i) and P ( i ) using
respectively.
5)
Derive P = P 1 8 P4 from (17), and take the r e s u l t i n g m a t r i x P = P l @ P 4 a S P ( i ) = P l ( i ) @ P4(i). 
VI. CONCLUSION
The minimization of roundoff noise in 2-D state-space digital filters has been investigated by means of joint optimization of error feedback/coordinate transformation. An iterative procedure for minimizing the roundoff noise in a 2-D digital filter has also been developed by jointly optimizing a scalar error-feedback matrix and a coordinate transformation matrix subject to the usual 12-norm dynamic-range scaling constraints. Simulation results have been presented to illustrate the validity of our proposed algorithm.
